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The rare, autosomal recessive Roberts syndrome (RBS) is characterized by tetraphocomelia, profound growth
deﬁciency of prenatal onset, craniofacial anomalies, microcephaly, and mental deﬁciency. SC phocomelia (SC) has
a milder phenotype, with a lesser degree of limb reduction and with survival to adulthood. Since heterochromatin
repulsion (HR) is characteristic for both disorders and is not complemented in somatic-cell hybrids, it has been
hypothesized that the disorders are allelic. Recently, mutations in ESCO2 (establishment of cohesion 1 homolog
2) on 8p21.1 have been reported in RBS. To determine whether ESCO2 mutations are also responsible for SC,
we studied three families with SC and two families in which variable degrees of limb and craniofacial abnormalities,
detected by fetal ultrasound, led to pregnancy terminations. All cases were positive for HR. We identiﬁed seven
novel mutations in exons 3–8 of ESCO2. In two families, affected individuals were homozygous—for a 5-nucleotide
deletion in one family and a splice-site mutation in the other. In three nonconsanguineous families, probands were
compound heterozygous for a single-nucleotide insertion or deletion, a nonsense mutation, or a splice-site mutation.
Abnormal splice products were characterized at the RNA level. Since only protein-truncating mutations were
identiﬁed, regardless of clinical severity, we conclude that genotype does not predict phenotype. Having established
that RBS and SC are caused by mutations in the same gene, we delineated the clinical phenotype of the tetrapho-
comelia spectrum that is associated with HR and ESCO2 mutations and differentiated it from other types of
phocomelia that are negative for HR.
Roberts syndrome (RBS [MIM 268300]) is named after
the 1919 report of affected siblings by John B. Roberts,
although at least one earlier well-documented case, ﬁrst
reported by Virchow in 1898, existed (Urban et al.
1997). RBS is a rare autosomal recessive disorder char-
acterized by hypomelia, varying from tetraphocomelia
to a lesser degree of limb deﬁciency that is more severe
in the upper limbs; profound growth deﬁciency of pre-
natal onset; and craniofacial anomalies including mi-
crocephaly, cleft lip and palate, wide-set eyes, hypo-
plastic nasal alae, shallow orbits, micrognathia, frontal
encephalocele, and mild-to-severe mental deﬁciency
(Roberts 1919; Herrmann and Opitz 1977; Van Den
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Berg and Francke 1993a). Severely affected infants may
be stillborn or die shortly after birth. In contrast, SC
phocomelia syndrome (SC [MIM 269000]), ﬁrst de-
scribed by Herrmann et al. (1969), has a milder phe-
notype, with a lesser degree of symmetric limb reduction,
and additionally includes ﬂexion contractures of various
joints, midfacial hemangioma, hypoplastic cartilage of
ears and nose, scant silvery-blond hair, and cloudy cor-
neae. Although microcephaly is present in SC, mental
retardation may be mild, and survival into adulthood is
common.
To distinguish these two disorders, a rating scale for
clinical severity was initially developed in which R and
S scores were assigned to patients reported to have RBS
and SC, and R:S ratios were computed (Herrmann and
Opitz 1977). This RS rating system, as redesigned (Van
Den Berg and Francke 1993a), consists of six criteria:
growth retardation, phocomelia of the arms, phocomelia
of the legs, survival, and palatal and craniofacial ab-
normalities. Scores 10.5 indicate a more severe clinical
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Table 1
ESCO2 Primers and Conditions for Genomic PCR
and RT-PCR
The table is available in its entirety in the online
edition of The American Journal of Human Genetics.
phenotype consistent with RBS, and scores !0.5 are
consistent with a diagnosis of SC. Individuals with scores
between 0.5 and 0.5 have multiple abnormalities that
vary in severity. The presence of severely and mildly
affected individuals in the same sibship raised the sus-
picion that the two disorders are allelic, representing a
spectrum of severity. Furthermore, both are character-
ized by heterochromatin repulsion (HR) or premature
centromere separation (PCS) in mitotic cells (Judge
1973; Freeman et al. 1974; Tomkins et al. 1979). So-
matic-cell complementation studies revealed that cells
positive for HR (HR) from individuals with RBS and
from those with SC do not complement each other, fur-
ther supporting the notion that the same gene is affected
in the two disorders (McDaniel et al. 2000).
Cell biologic studies documented abnormalities in
metaphase duration, anaphase progression, and nuclear
morphology and increased frequency of aneuploid cells
and micronuclei in RBS (Tomkins and Sisken 1984).
These characteristics, as well as the HR phenomenon,
are recessive, since they are not found in heterozygous
cells and are complemented by the Chinese hamster ge-
nome in somatic-cell hybrids (Krassikoff et al. 1986). As
part of the development of a selection system for iden-
tiﬁcation of complementing cDNAs, Van Den Berg and
Francke (1993b) reported that RBS cells are hypersen-
sitive to gamma radiation, mitomycin C, G418, and hy-
gromycin but not to colcemid or streptonigrin.
Although the reduced growth rate and viability of cul-
tured RBS cells may indicate a mechanism for reduced
intrauterine/postnatal growth and speciﬁc limb and
craniofacial abnormalities, the in vitro complementation
studies did not lead to the identiﬁcation of the RBS gene.
Chromosome-banding studies failed to discover speciﬁc
structural abnormalities, such as deletions or translo-
cations, that could have hinted at the site of the re-
sponsible gene. Recent microcell-mediated gene-transfer
experiments, however, identiﬁed the proximal 8p region
as hosting a gene capable of complementing the HR and
hygromycin-sensitivity phenotypes (McDaniel et al.
2005). The ﬁnding of 8p21 marker homozygosity in ﬁve
unrelated RBS samples supported the notion that the
HR-complementing locus on 8p may indeed be the RBS
gene. Because of the rarity of the disorder and the fact
that most cases are sporadic, linkage studies have not
been performed until recently, when Vega et al. (2005)
reported a genomewide homozygosity mapping study of
seven consanguineous RBS-affected families from two
isolated villages in Colombia, conﬁrming linkage to
8p21.2-p12 between markers D8S258 and D8S505,
with a maximum LOD score of 13.4 at D8S1839. By
using a positional candidate-gene approach, they iden-
tiﬁed mutations in a transcript located 1250 kb centro-
meric to D8S1839 (UCSC Genome Browser). Extending
mutation analyses to mostly consanguineous RBS-
affected families from Turkey, Italy, and Canada, Vega
et al. (2005) reported eight different mutations in a gene
they called “ESCO2” (establishment of cohesion 1 ho-
molog 2) in 18 affected individuals from 15 families.
ESCO2 had been described elsewhere as EFO2 (es-
tablishment factor ortholog 2), a human ortholog of the
yeast Eco1/Ctf7 acetyltransferase gene that needs to be
expressed in S phase for the establishment of sister-chro-
matid cohesion (Bellows et al. 2003). Whereas Eco1 in
yeast and deco in Drosophila are single-copy genes, Bel-
lows et al. (2003) identiﬁed four human transcripts that
contain the highly conserved Eco1/Ctf7p core domain
and that are derived from loci on different human chro-
mosomes. They characterized EFO1 on 18q11.2 in
detail and EFO2 on 8p21 only to the extent of the car-
boxy-terminal 334 aa that include the evolutionarily
conserved domains. Eco and ESCO genes have a con-
served H2C2 zinc ﬁnger motif and an acetyltransferase
domain but no other sequence similarities (Hou and Zou
2005; Vega et al. 2005). EFO2/ESCO2 comprises 11
exons spanning 30.3 kb, with the start codon in exon
2 and the stop codon in exon 11. The 1,806-nt ORF
predicts a protein of 601 aa with a unique N-terminus.
To determine whether mutations in ESCO2 are also
responsible for the SC phenotype and to search for ge-
notype-phenotype correlations, we performed mutation
analysis on six affected individuals from ﬁve families—
three with SC who survived to adulthood, two with in-
termediate phenotypes, and one with classic RBS. Af-
fected individuals from all ﬁve families were HR. The
study was institutional review board approved, and
informed consent was obtained. DNA was extracted
from peripheral blood lymphocytes, lymphoblastoid cell
lines (LCLs), ﬁbroblasts, amniocyte cultures, and archi-
val parafﬁn-embedded tissues. We designed PCR pri-
mers that amplify each of the 11 exons, including the
intron-exon boundaries, on the basis of GenBankRefSeq
AY882862 (table 1). We puriﬁed the ampliﬁed PCR
products after gel electrophoresis (Qiaquick [Qiagen])
and sequenced them bidirectionally using BigDye Ter-
minator chemistry and an ABI 3100 sequencer (Applied
Biosystems).
We discovered seven novel inactivating mutations that
account for all mutant alleles in these families (ﬁg. 1).
Here, we provide documentation of all mutations, in-
cluding sequences of the abnormal transcripts resulting
from splice-site mutations, and a comparative analysis
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Figure 1 Gene structure of the ESCO2 gene, with location of identiﬁed mutations. Top, Eight mutations in 15 families with RBS reported
by Vega et al. (2005). Bottom, Seven mutations found in four families with SC and one family with RBS (present study). UTRs are shown as
white boxes, and the coding regions of exons 2–11, as gray boxes. Shown is the location of the functional domains—the C2H2 zinc ﬁnger-like
domain (diagonal stripes) and the acetyltransferase domain (horizontal stripes).
of the phenotypes of new cases and cases reported
elsewhere.
Family 1.—This is one of the original families de-
scribed as having “SC pseudothalidomide syndrome” by
Herrmann et al. (1969, family C). In an LCL from the
proband of this family (LCL639), established in our lab-
oratory (Van Den Berg and Francke 1993b), we found
two mutations: c.751_752insA, causing a frameshift and
premature stop codon (p.K253fsX26), and c.1269GrA,
causing a nonsense mutation (p.W423X) that results in
a predicted protein missing the acetyltransferasedomain.
Although the parents were not available for study, we
assume that the proband was compound heterozygous
for two different mutations in exons 3 and 8 (table 2
and ﬁg. 2).
The proband (patient 3 of Herrmann et al. [1969],
with an updated description by Feingold [1992]) was
born to nonconsanguinous white parents (table 3). Sym-
metrical limb defects included bilateral absence of the
radius and ulna, small thumbs, clinodactyly of hypo-
plastic ﬁfth ﬁngers, absence of the ﬁbulae, bilateral syn-
dactyly of the fourth and ﬁfth toes, and wide gaps be-
tween the ﬁrst and second toes. His hair was ﬁne and
silvery-blond but became brown and less sparse with
age. He also had widely spaced eyes with downslanting
palpebral ﬁssures and bluish sclerae, a small tip of the
nose, hypoplastic nasal alae, anteversion of the nostrils,
and a capillary hemangioma of the upper lip, nose, and
forehead. The auricles were posteriorly angulated, and
the lower portion of the helices and the lobules were
absent. He had a normal neurologic status and started
to walk at age 13 mo. He developed seizures at age 9
mo and required anticonvulsant therapy throughout his
life. Cognitively, he was in the moderately retarded
range. A cavernous hemangioma of his right optic nerve
was removed surgically, which resulted in blindness of
that eye and severe ptosis. At age 14 years, he developed
moyamoya disease (spontaneous occlusion of the circle
of Willis), which caused left hemiparesis and additional
minor strokes that led to loss of ambulation. He died at
age 23 years from complications of a myocardial infarct.
The proband had a severely affected, premature still-
born brother (patient 4 of Herrmann et al. [1969]). This
brother had an enlarged head, widely patent anterior
fontanel, protruding eyes, unilateral cleft lip and palate,
deformed nose, micrognathia, and symmetrical limb de-
formities, with only three digits on each hand, ﬂexion
contractures of the knee joints, short tibioﬁbular areas,
and deformed ankle joints (on the basis of the pathology
report by Herrmann et al. [1969]).
Family 2.—In a nonconsanguineous white family of
German descent, two adult sisters received a diagnosis
of SC (Parry et al. 1986). Different cell types of the
proband, peripheral blood lymphocytes, Epstein-Barr
virus–transformed lymphoblasts (LCL121), skin ﬁbro-
blasts, and metastatic melanoma cells had been previ-
ously studied in our laboratory and were reported as
HR (Krassikoff et al. 1986; Parry et al. 1986; Van Den
Berg and Francke 1993b). We screened a cell line of the
proband (AG4344 [Coriell Cell Repository]) and found
two different mutations: c.604CrT, a nonsense muta-
tion causing a premature stop codon (p.Q202X), and
the single-nucleotide deletion c.752delA, causing a frame-
shift with a predicted truncated protein (p.K253fsX12).
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Table 2
ESCO2 Mutations Identiﬁed
Family
and Mutation
Exon
or Intron
Mutation
Type mRNA Change
Amino Acid
Change
Family 1:
c.751_752insA Exon 3 Frameshift … p.K253fsX26
c.1269GrA Exon 8 Nonsense … p.W423X
Family 2:
c.604CrT Exon 3 Nonsense … p.Q202X
c.752delA Exon 3 Frameshift … p.K253fsX12
Family 3:
c.11311GrA Intron 6 5′ splice site r.1014_1131del118 p.R338fsX17
Family 4:
c.307_311delAGAAA Exon 3 Frameshift … p.I102fsX1
Family 5:
c.752delA Exon 3 Frameshift … p.K253fsX12
c.11327ArG Intron 6 3′ splice site r.1131_1132insTTATAG p.I377_378insLX
The proband appeared to be a compound heterozygote
with two different mutations in exon 3 (table 2 and
ﬁg. 2).
The proband was ascertained at age 32 years because
of malignant melanoma of the left scapular region. She
was short and microcephalic, with a broad high fore-
head, a faint heart-shaped nevus ﬂammeus above the
nasal bridge, a beak-shaped nose, a high nasal bridge,
hypoplasia of the cartilage of tip, and nasal alae (ﬁg. 3B
and table 3). The upper limbs were symmetrically mal-
formed, with short bowed forearms, ﬁxed radial devi-
ation of the hands, absent thumbs, brachymesophalangy,
and camptodactyly. The lower limbs appeared short,
with hypoplastic patellae and mild talipes equinovarus.
The short, ﬂat feet had a gap between the short, prox-
imally placed hallux and second toe. On roentgeno-
grams, there was thoracic kyphoscoliosis with small ver-
tebrae, short and thin humeri and ulnae, absent radii,
ﬁrst metacarpals, thumb phalanges, and middle phalan-
ges of both ﬁfth ﬁngers. There was a proximal (Y-
shaped) synostosis of the fourth and ﬁfth metacarpals
bilaterally. The middle phalanges of the second and
fourth ﬁngers and the ﬁrst phalanx of the ﬁfth ﬁngers
were hypoplastic. The patellae were hypoplastic and ir-
regularly shaped. The distal tibiae and ﬁbulae were hy-
poplastic and abnormally modeled. Toes 3, 4, and 5
lacked middle phalanges bilaterally. Neurologically, she
had congenital cranial nerve paralysis. Her full-scale IQ
was 66 (verbal IQ 70; performance IQ 67). She died of
metastatic malignant melanoma at age 34 years. A full-
term pregnancy at age 24 years had resulted in an un-
affected daughter.
The proband’s sister was similarly affected (ﬁg. 3C
and table 3). Born with severe knee contractures that
resulted in amputation of the lower limbs, she died at
age 43 years, after a massive stroke (Parry et al. 1986;
case 68 in Van Den Berg and Francke 1993a).
Family 3.—The male proband (case 100 in Van Den
Berg and Francke 1993a) appeared to be homozygous
for a splice-site mutation (c.11311GrA) in intron 6.
Only the mutant sequence was present in amplicons of
genomic DNA. Since this mutation abolishes the donor
splice site, we performed transcript ampliﬁcation and
sequencing, using RNA extracted from an LCL. The
RNA was treated with DNaseI, and RT-PCR was per-
formed with primer pairs designed for exon-to-exon am-
pliﬁcation (table 1). The puriﬁed PCR amplicons were
sequenced and revealed the skipping of exon 6 (118 nt)
(r.1014_1131del118) causing a frameshift in the mu-
tant mRNA and premature termination of translation
(p.R338fsX17) (table 2 and ﬁg. 2). We found no evi-
dence of the presence of a normal transcript. The mu-
tation was also present in the mother, but the father was
unavailable, and no information regarding consanguin-
ity could be obtained. We assume that the proband is
homozygous for this mutation, although the possibility
that he is hemizygous and carries a deletion of this region
on the other allele has not been formally excluded.
The proband was born to an 18-year-old African
American mother (G2P0Ab1) and a father reported to
be healthy and young but uninvolved with the family.
Orthopedic examination at age 6 wk noted mild micro-
cephaly, marked shortness of the limbs, clubbing of both
hands, and contractures at the knees, with a 90 ﬂexion
and bilateral popliteal pterygium. At age 6 years, he
was found to have microcephaly, with a head circum-
ference of 46 cm (4 SD), intact hard and soft palate,
ankyloglossia, hypoplastic midface with hypoplastic
alae nasi, and maxillary dental protrusion. Radiographs
showed a normal but small skull, normal vertebral bod-
ies, humeroradial fusion, and hypoplastic radii and ul-
nae. His hands showed four metacarpals, with two of
them fused, and a single carpal bone. Phalanges of
thumbs and ﬁfth ﬁngers were hypoplastic. The pubic
Figure 2 Pedigrees and ESCO2 mutations. Sites of mutations are indicated by arrows above the tracings. For compound heterozygotes
(families 1, 2, and 5), both mutations are shown. In family 3, the mother is a heterozygote, whereas the son is homozygous for the same
mutation. In family 4, the homozygous mutant sequence is shown in comparison with a normal reference sequence. Sequences of RT-PCR
products reveal skipping of exon 6 (in family 3) and inclusion of 6 nt from intron 6 (in family 5). “P” with an arrow indicates the proband.
A blackened symbol indicates affected with RBS or SC; unblackened symbol, unaffected; dot in center, obligate carrier; unblackened triangle,
spontaneous abortion; blackened triangle with slash, affected fetus and induced abortion; double line between symbols, known consanguinity.
1122
Ta
bl
e
3
C
ha
ra
ct
er
is
ti
c
C
lin
ic
al
Fi
nd
in
gs
in
th
e
Fi
ve
St
ud
y
Fa
m
ili
es
C
H
A
R
A
C
T
E
R
IS
T
IC
FA
M
IL
Y
1
FA
M
IL
Y
2
FA
M
IL
Y
3
FA
M
IL
Y
4
FA
M
IL
Y
5
Pr
ob
an
d
Si
bl
in
g
Pr
ob
an
d
Si
bl
in
g
Fe
tu
s
A
Fe
tu
s
B
C
lin
ic
al
di
ag
no
si
sa
SC
R
B
S
SC
SC
SC
R
B
S/
SC
R
B
S/
SC
R
B
S
Se
x
M
M
F
F
M
F
F
F
G
es
ta
ti
on
(w
k)
43
35
40
40
40
25
22
20
B
ir
th
w
ei
gh
t
(k
g)
2.
1
.8
5
1.
82
.3
6
.3
4
D

E
A
ge
at
de
at
h
23
ye
ar
s
SB
34
ye
ar
s
43
ye
ar
s
…
b
T
O
P
at
25
w
k
T
O
P
at
22
w
k
T
O
P
at
20
w
k
G
ro
w
th
re
ta
rd
at
io
n
13
9
cm

14
0
cm

Sh
or
t
st
at
ur
e



M
en
ta
l
re
ta
rd
at
io
n
M
od
er
at
e
N
A
IQ
66
IQ
78
B
or
de
rl
in
e
N
A
N
A
N
A
M
ic
ro
ce
ph
al
y
(O
FC
)

4
SD


4
SD


4
SD

C
ra
ni
of
ac
ia
l
he
m
an
gi
om
a





N
A
N
A
N
A
Pr
op
to
si
s
of
ey
es








H
yp
er
te
lo
ri
sm






C
or
ne
al
cl
ou
di
ng




N
A
N
A
N
A
H
yp
op
la
st
ic
na
sa
l
al
ae






N
A
C
le
ft
pa
la
te







N
A
C
le
ft
lip

U
ni
la
te
ra
l






Pr
om
in
en
t
m
ax
ill
a






N
A
M
ic
ro
gn
at
hi
a







N
A
Ph
oc
om
el
ia
(n
o.
of
lim
bs
)
4
4
4
4
4
4
4
4
H
um
er
us
N
or
m
al
H
yp
op
la
st
ic
H
yp
op
la
st
ic
H
um
er
or
a-
di
al
fu
si
on
H
yp
op
la
st
ic

U
ln
a
A
bs
en
t
H
yp
op
la
st
ic
H
yp
op
la
st
ic
H
yp
op
la
st
ic
A
bs
en
t
H
yp
op
la
st
ic
A
bs
en
t
R
ad
iu
s
A
bs
en
t
A
bs
en
t
A
bs
en
t
H
yp
op
la
st
ic
A
bs
en
t
A
bs
en
t
A
bs
en
t
N
o.
of
ca
rp
al
bo
ne
s
3
2
1
0
0
N
o.
of
ﬁn
ge
rs
5
3
4
4
5
4
5
3
T
hu
m
bs
H
yp
op
la
st
ic
A
bs
en
t
A
bs
en
t
A
bs
en
t
H
yp
op
la
st
ic
A
bs
en
t
H
yp
op
la
st
ic
Fe
m
ur


N
A
H
yp
op
la
st
ic
H
yp
op
la
st
ic
N
or
m
al
Pa
te
lla
H
yp
op
la
st
ic
N
A
A
bs
en
t
N
A
N
A
N
A
T
ib
ia

H
yp
op
la
st
ic
N
A
B
ow
ed
H
yp
op
la
st
ic
N
or
m
al
Fi
bu
la
A
bs
en
t

H
yp
op
la
st
ic
N
A
A
bs
en
t
A
bs
en
t
H
yp
op
la
st
ic
N
o.
of
to
es
5
5
N
A
5
5
5
5
Sy
nd
ac
ty
ly
4t
h,
5t
h
to
es






Fl
ex
io
n
co
nt
ra
ct
ur
es







N
A
A
rt
er
ia
l
oc
cl
us
io
n




H
R






R
S
ra
ti
ng
c

1
1.
2

.8
3

.8
3

.1
7
.2

.8
1.
5
N
O
T
E
.—
Pl
us
si
gn
(
)
p
pr
es
en
ce
of
a
ch
ar
ac
te
ri
st
ic
;
m
in
us
si
gn
(
)
p
ab
se
nc
e
of
ch
ar
ac
te
ri
st
ic
;
D

E
p
di
la
ta
ti
on
an
d
ex
tr
ac
ti
on
;
N
A
p
in
fo
rm
at
io
n
no
t
av
ai
la
bl
e
be
ca
us
e
of
le
g
am
pu
ta
ti
on
,
D

E
,
or
fe
ta
l
ag
e;
O
FC
p
oc
ci
pi
ta
l-
fr
on
ta
lc
ir
cu
m
fe
re
nc
e;
SB
p
st
ill
bi
rt
h;
T
O
P
p
te
rm
in
at
io
n
of
pr
eg
na
nc
y.
a
B
ol
d
it
al
ic
s
in
di
ca
te
an
E
SC
O
2
m
ut
at
io
n
w
as
do
cu
m
en
te
d.
b
A
liv
e
at
ag
e
31
ye
ar
s.
c
V
an
D
en
B
er
g
an
d
Fr
an
ck
e
(1
99
3a
).
1123
Figure 3 Phenotypes of affected individuals of families 1 and 2. A, Proband of family 1 at age 14 mo. Left, Phocomelia of the upper
extremities. Lower extremities are less affected. Upper middle, Lateral view of the head, demonstrating hypoplastic nasal alae and low-set
posteriorly rotated simple ears. Lower middle, View with radius and ulna absent, small thumb, and clinodactyly of the ﬁfth ﬁnger (ﬁgs. 12,
15, and 13 in Herrmann et al. 1969, p. 86; reprinted with permission of the March of Dimes). Upper right, Silvery-blond hair, widely spaced
narrow eyes, and hypoplastic nasal alae. Lower right, Proband at age 15 years, with beaked nose, prominent maxilla, ptosis, and blindness of
the right eye due to surgical removal of a cavernous hemangioma (ﬁgs. 1 and 2 in Feingold 1992, p. 898; reprinted with permission of Wiley-
Liss, a subsidiary of John Wiley & Sons). B, Proband of family 2, with high forehead, wide nasal bridge, drooping eyelids, hypoplastic nasal
alae, beaked nose, wide short philtrum, thin upper lip, and bilateral facial nerve paralysis. Dorsal view of the hands shows absent thumbs and
highly symmetrical contractures of ﬁngers. C, Affected sister of family 2, with similar facial appearance as that of the proband andmicrognathia.
Palmar view of the hands shows absent thumbs and highly symmetrical contractures. (Panels B and C include ﬁg. 1A and ﬁg. 2A and 2D in
Parry et al. 1986, pp. 655 and 658; reprinted with permission of Wiley-Liss, a subsidiary of John Wiley & Sons.)
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rami of the pelvis were absent. Symmetrical abnormal-
ities of the lower limbs included anterior bowing and
absent patellae and ﬁbulae. The feet were normal. When
seen at age 18 years, the proband was short, with adult
sexual characteristics, microcephaly, midface hypopla-
sia, maxillary protuberance, hypoplastic nasal bridge
and nasal alae, shallow orbits, corneal clouding, and
small ears. His cognitive function was in the borderline
retarded range. At his current age of 31 years, he lives
with his mother, is mobile and is able to use both upper
limbs and to take care of himself. He is reported to be
otherwise healthy.
Family 4.—The parents were Hispanic second cousins
and had two affected and three unaffected daughters. In
both affected sibs, we found a homozygous 5-nt deletion
(c.307_311delAAAGA), causing a frameshift that leads
to a truncated protein (p.I102fsX1) (table 2 and ﬁg. 2).
In the ﬁrst affected sib (fetus A), fetal ultrasound at
23 wk gestation (by dates) demonstrated short femora
(length consistent with 17 wk) and hypoechoic femoral
shafts. Lower legs and forearms could not be identiﬁed
on ultrasound scan. An amniocyte culture showed a
46,XX karyotype with trisomy 7 mosaicism. Postmor-
tem ﬁndings, after pregnancy termination at 25 wk (by
dates; 20 wk by composite ultrasound), included prom-
inent eyes, ﬂattened nasal tip, andmicrognathia (ﬁg. 4A).
The palate was deeply ridged and high-arched without
clefting. The upper limbs were extremely short, with
only four digits bilaterally and syndactyly (ﬁg. 5). The
short lower limbs, held in a frog-like position, had ﬁve
digits bilaterally. The clitoris appeared enlarged, and in-
ternal organs showed no obvious anomalies. Symmet-
rical skeletal deﬁciencies were evident on radiographs
(ﬁg. 4A). Distal humeri were narrow, and radii and ulnae
were absent. There were three metacarpals and four
digits, with the thumbs missing. On the left side, the
proximal phalanges of the two lateral digits were par-
tially fused. The femora appeared normal. The tibiae
were extremely reduced in length, and possibly frac-
tured, and ﬁbulae were absent. Metatarsals and toe pha-
langes, as well as the skull, spine, and ribs, appeared
normal.
In a subsequent pregnancy of this 35-year-old woman,
an ultrasound examination at 19 wk demonstrated a
similarly but less-severely affected offspring (fetus B)
with short single-bone forearms bilaterally. Femur length
was normal, but measurements of tibiae—and more so
of ﬁbulae—were reduced. Another ultrasound examina-
tion at 21 wk gestation conﬁrmed single forearm bone
and hypoplastic ﬁbulae. When chromosome analysis of
amniocytes showed a 46,XX karyotype with HR, a di-
agnosis of RBS was conﬁrmed, and the pregnancy was
terminated. Postmortem external examination showed a
348-g female fetus with a crown-rump length of 18 cm
and a foot length of 3.1 cm (ﬁg. 5). Head and neck were
apparently normal. The upper limbs were markedly
shortened, with proximally placed hypoplastic thumbs.
The thorax, back, and abdomen were normal. The legs
demonstrated severely clubbed feet, with ﬁve toes on
each foot. Skeletal roentgenograms showed symmetrical
reduction defects, including bilateral single-bone fore-
arms, proximally placed hypoplastic thumbs, hypoplas-
tic ﬁbulae, and clubbed feet (ﬁg. 4B).
Family 5.—In this nonconsanguineous white family,
we discovered two heterozygous mutations in the pro-
band (c.752delA and c.11327ArG) and traced each
of them to a parent. The ﬁrst mutation, c.752delA,
caused a frameshift leading to a premature stop codon
and a predicted truncated protein (p.K253fsX12). In-
terestingly, the same mutation was also found in family
2 with SC. The second mutation, c.11327ArG, was
predicted to affect pre-mRNA splicing. The ArG sub-
stitution activates a cryptic splice site, which, in the
human splice-site prediction program, yields a score
of 0.97, whereas the score is only 0.41 for the natural
splice site (Brunak et al. 1991; Hebsgaard et al. 1996;
NetGene2 Server).
We used RNA extracted from a ﬁbroblast culture
for RT-PCR with PCR primers designed for exon-to-
exon ampliﬁcation, followed by direct sequencing. At
the transcript level, we detected an addition of 6 nt
(r.1131_1132insTTATAG) to the 5′ end of exon 7.
This inframe insertion of a leucine and a termination
codon leads to premature termination of translation
(p.I377_378insLX). Both mutations were present in am-
niocytes and ﬁbroblast cultures established after preg-
nancy termination, and, in blood samples from the par-
ents, one mutation each was found (table 2 and ﬁg. 2).
An ultrasound examination at 18 wk gestation dem-
onstrated a small-for-date fetus with a large frontal en-
cephalocele, with fetal brain extruding into the amniotic
cavity. The face appeared abnormal, with widely spaced
orbits, bulging eyes, and ﬂat midface. No clefting was
noted. All four proximal and distal limbs were extremely
reduced. Flipper-like hands at the shoulders had only
three digits, but the feet, attached to the pelvis, appeared
normal. Amniotic ﬂuid alpha-fetoprotein was elevated,
and an acetylcholinesterase assay had a positive result,
consistent with an open neural tube defect. A fetal echo-
cardiogram showed normal cardiac anatomy. Chro-
mosome spreads from cultured fetal cells were HR.
The pregnancy was terminated by dilatation and ex-
traction at 20 wk.
Comments.—The data reported here provide conclu-
sive proof that RBS and SC are caused by mutations in
the same gene, ESCO2, which encodes a putative ace-
tyltransferase. ESCO2 is a human ortholog of a yeast
gene involved in establishing sister-chromatid cohesion
at the time of DNA replication. Mutations in the ﬂy
ortholog deco disrupt chromatid cohesion at the cen-
Figure 4 Postmortem photographs and skeletal radiographs of affected sibs in family 4. A, Fetus A, with widely spaced protruding eyes,
hypoplastic nasal alae, and beaked nose. Top, Radiographs of the left and right arm with missing radius and ulna, three metacarpals and four
ﬁngers each, and fusion of two proximal phalanges on the left. Bottom, Radiographs of the pelvis and legs contracted at the knees and the
right leg extended. For description, see main text. B, Fetus B. Top, Radiographs of the left and right arm, with humerus present, single hypoplastic
forearm bone, and ﬁve ﬁngers with very hypoplastic appendage-like proximally placed thumbs. Bottom left, Similar appearance to fetus A,
with widely spaced protruding eyes and beaked nose. Bottom middle, Lower legs with tibia and hypoplastic ﬁbula present and ﬁve digits
bilaterally. Bottom right, Normal appearance of vertebrae, ribs, and pelvis. See ﬁgure 5 for additional photographs.
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Figure 5 Comparison of the two affected fetuses in family 4.
The legend is available in its entirety in the online edition of The
American Journal of Human Genetics.
tromeres (Williams et al. 2003). On the basis of earlier
clinical, cytogenetic, and somatic-cell complementation
studies, it had been suspected that RBS and SC are allelic
and may represent a single disorder with a wide range
of clinical severity. For autosomal recessive disorders, as
exempliﬁed by the thalassemias, the expected molecular
basis for such wide clinical variability would be allelic
heterogeneity with different types of mutations and com-
pound heterozygosity for null and hypomorphic alleles.
Surprisingly, in our case collection, which ranges from
mild adult to lethal presentations, we found exclusively
inactivating nonsense and frameshift mutations that
cause premature termination codons throughout the
cDNA sequence. The only recurringmutation, c.752delA,
was shared by an adult with SC and a fetus with severe
RBS. Both affected individuals were compound heter-
ozygotes, and the mutations on the other allele were
inactivating as well, leading to a stop codon at position
202 in one and position 378 in the other. Vega et al.
(2005) reported one nonsense and six frameshift muta-
tions in exons 3–9 and one missense mutation (W539G)
in exon 10.We identiﬁed two nonsense, three frameshift,
and two splice-site mutations, which also caused frame-
shifts in exons 3–8 (ﬁg. 1 and table 2). All affected in-
dividuals in the 15 families reported by Vega et al. (2005)
had classic RBS, whereas six of the eight patients in our
families had a milder phenotype, more consistent with
SC, and four survived to adulthood. Apparently, neither
the type nor the location of the ESCO2 mutations pre-
dicts the severity of the phenotype. The near absence of
missense mutations may suggest that they cause a dif-
ferent phenotype or are selected against in heterozygotes.
HR was seen with all 15 ESCO2 mutations detected
so far—eight by Vega et al. (2005) and seven in the
present study. Nomutation was found in one familywith
absent HR (authors’ unpublished data). We propose that
HR and ESCO2 mutations are tightly linked, causally
related, and serve to distinguish this particular type of
phocomelia from other phocomelia syndromes with pre-
and postnatal growth deﬁciency. This phenotype can
now be delineated with conﬁdence on the basis of doc-
umented ESCO2 mutations. Including the entire RBS/
SC clinical range of severity (table 3), the most char-
acteristic ﬁndings are the wide ﬂat face, hypertelorism,
bulging eyes, beaked nose, hypoplastic nasal alae, mid-
face capillary hemangioma, and, in severe cases, cleft lip
and palate. The similarities of the facial gestalt of the
individuals shown in ﬁgures 3 and 4 are quite striking,
given their different ages. The characteristic RBS/SC
limb-deﬁciency pattern affects all four limbs, is always
symmetrical, and is usually more severe in the upper
limbs. The striking symmetry is evident in ﬁgures 3B,
3C, 4, and 5. The greater degree of limb deﬁciency in
fetus A, compared with fetus B, affects all four limbs
equally. In both cases, however, the feet contained ﬁve
metatarsals and ﬁve digits. This is signiﬁcant because
even in severe RBS, in which the long bones are absent,
rather normally shaped feet are attached to the pelvis,
as in Virchow’s 1898 case (Urban et al. 1997) and the
proband of our family 5. Minor abnormalities, such as
short halluces and wide spaces between the ﬁrst and
second toes, may be present. The symmetry affects not
only bone structure but connective tissue as well, as dem-
onstrated by knee contractures, resulting in a frog-like
position of the legs (fetus A in ﬁg. 5), and the ﬁnger
contractures shown in ﬁgure 3B and 3C. Unrelated to
the degree of limb deﬁciency, microcephaly is severe (4
SD), and cognitive function is below normal.
We revisited the sources of the widely cited conclusion
that only 80% of RBS/SC cases show the HR phe-
nomenon and that HR and HR cases are clinically
indistinguishable. In their survey, Van Den Berg and
Francke (1993a) stated that 38 of 48 RS cases that had
been screened for HR were reported as HR, but they
expected this to be an underestimate. In fact, several
cases with a normal karyotype report were not speciﬁ-
cally examined for the presence of HR, because the phe-
nomenon had not yet been described or was not widely
known at the time (e.g., cases 21, 36, 46, 65, and the
twins 51 and 52). Case 56, listed as HR, was reported
to be HR in the original article. Case 57, examined
for HR and reported to be HR, had a clinically distinct
phenotype (normal size at birth, normal intelligence, and
a more extensive skeletal dysplasia, including dysplastic
clavicles and pelvic bones, fused ribs, and stenotic ear
canals). Case 65 had asymmetric involvement of the up-
per limbs and facial features consistent with Cornelia de
Lange syndrome (CdLS [MIM 122470]). Cases 77 and
78—featuring more-severe involvement of the lower
limbs than of the upper, with one sibling lacking all toes
and the other having two rudimentary toes—are incon-
sistent with the RBS/SC type of tetraphocomelia. There-
fore, the absence of HR conﬁrms that cases 77 and 78
have a different type of phocomelia. Thus, a critical re-
view of the original literature leads us to conclude that
the 10 cases in Van Den Berg and Francke (1993a) can-
not be conﬁrmed as RBS with absent HR. The same
conclusion holds for the recent case from Korea de-
scribed as RBS without HR (Hwang et al. 2002). The
proband had cleft palate and absent radius, ulna, and
ﬁbula but ﬁve digits on the hands and feet and normal
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head size and intelligence. We therefore propose that HR
is pathognomonic for the RBS/SC multiple-malforma-
tion syndrome that is caused by mutations in ESCO2.
Since HR is detectable in chorionic villous cells, preg-
nancies at risk can be monitored. In addition, after de-
tection of both mutant ESCO2 alleles, preimplantation
genetic diagnosis becomes a feasible option (M. Hughes,
personal communication).
In countries where pregnancies are routinely moni-
tored by ultrasound, new RBS/SC cases are usually de-
tected prenatally in families with unsuspecting parents,
and genetic counseling is requested. If HR is present and/
or ESCO2 mutations are found, our data suggest that
the prognosis for normal mental development is poor,
regardless of the degree of limb-reduction defects. In
addition, survivors beyond childhood may be prone to
acute arterial vascular occlusions (e.g., moyamoya dis-
ease and myocardial infarction in family 1 and mas-
sive stroke in family 2). Furthermore, lagging chromo-
somes resulting in aneuploid cells, typically observed in
RBS/SC cell cultures, could predispose to malignancies;
however, so far, only two cases have been reported (mel-
anoma in family 2 and rhabdomyosarcoma in a 23-mo-
old child with HR RBS [Wenger et al. 1988]).
Although Vega et al. (2005) stated, “RBS is the ﬁrst
human disorder identiﬁed to our knowledge in which a
chromatid cohesion defect is associated with develop-
mental abnormalities” (p. 469), we wish to call attention
to CdLS. This rare, usually sporadic, multiple-malfor-
mation disorder includes features that overlap with RBS/
SC, such as prenatal-onset growth retardation, short
stature, mental retardation, microcephaly, brachyceph-
aly, micrognathia, cleft lip/palate, elbow contractures,
small hands and feet, and, in ∼25% of cases, asymmetric
phocomelia and oligodactyly of the upper extremities.
Although there is wide phenotypic variability, CdLS is
easily distinguished by a characteristic facies. Last year,
it was found that CdLS is caused by heterozygous mu-
tations in NIBPL (Nipped-B-like), which encodes a
human ortholog of yeast Scc2-type sister-chromatid co-
hesin proteins and the Nipped-B developmental regu-
lator in Drosophila (Krantz et al. 2004; Tonkin et al.
2004). Nipped-B mutants have premature separation of
chromatids, and the Xenopus Scc ortholog is required
to load cohesins onto chromatin (reviewed by Strachan
[2005]). Although the mammalian orthologs NIBPL
and ESCO2 (Hou and Zou 2005) are probably part of
complexes with additional functions in chromatin loop-
ing and DNA replication and repair, and although the
pathways that lead to the developmental defects have
still to be unraveled, RBS/SC and CdLS represent the
ﬁrst-known members of a new class of chromatid co-
hesion defect disorders.
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